As particles enter the earth's atmosphere they produce a burst of electromagnetic energy, including visible and radio-wave emissions. Consequently, just as meteors can be detected visually in the night sky they can be heard using radio telescopes. The current project investigated the potential influence of these audio signals on meteor detection. Anecdotally, and in related research, it has been found that auditory signals can enhance or even alter visual perception of objects. The current project examined the specific effects of accompanying auditory signals on the detection of meteors. Meteors present an interesting case of audiovisual integration in that detection paradigms often entail extended vigilance and extremely brief, yet brilliant astronomical events. Experiments specifically investigated how auditory signals that varied in spectra influenced changes in visual magnitude and duration judgments of meteors. In addition, research targeted how extraneous auditory cues during a vigilant meteor search might contribute to false judgments. Results are described in terms of audiovisual integration and the relation of perceptual mechanisms to meteor detection.
Falling stars: Acoustic influences on meteor detection As can be attested by many a stargazer, when matter enters the earth's atmosphere it causes a burst of electromagnetic energy, including visible light and radio-wave emissions. While meteoric events tend to be quite brief (often less than 500 ms) their beauty and brightness in the night sky can create a lasting and somewhat physically exaggerated impression on a perceiver. Depending on the darkness of the night sky and the context of a meteor's viewing, it may be perceived as brighter or more enduring than the stimulus itself would seem to physically entail. In this sense, meteors provide an interesting natural paradigm from which to better understand some general principles of perception and audiovisual interaction. Specifically, by pairing and manipulating the correspondence of audio and visual meteoric signals (and as naturally produced in the visual and radio spectra), we can investigate how these modalities are processed together and how that integration affects the detection of meteors. Meteors may provide a particularly unique vantage to study this integration because of their natural beauty, popularity, and infrequency in the natural environment. Hence, the study of meteors facilitates study of audiovisual perception in a unique ecologically-valid context.
While meteors themselves have not been previously investigated in an analogous perceptual paradigm, there are several studies that bear on questions of how dynamic audio and visual signals might be integrated. It has been previously reported that auditory signals can have a dominant effect on visual signals for perception of intervals -however that influence is mitigated by the perceived correspondence of the stimuli (Burr, Banks, & Morrone, 2009; Klink, Montjin, & van Wezel, 2011; Shi, Chen, & Müller, 2010) . Previous research in this area has tended to use simple sine wave tones and flashed dot stimuli. In general, longer sine waves tended to increase the duration and brightness associated with the flashed dots. This influence was most consistently found when the stimuli were in close temporal coordination. It may be that the natural correspondence between a meteor's visual signal and the radio waves it produces may facilitate a broader window of perceived concurrence (and consequent association).
In addition, presenting tones concurrently with stimuli tends to increase their perceived visual intensity (Odgaard, Arieh, & Marks, 2003; Stein, London, Wilkinson, & Price, 1996) . As with duration judgments, the perceived correspondence of the audio and visual signals is critical to whether, and how, any increased brightness occurs. For both duration and brightness, if the audio and visual signals display a similar dynamic pattern (in growth, extent, etc), it could serve to effectively produce a correspondence between the signals. The following research is designed to investigate this directly.
Methods
Participants. Fourteen volunteers, ages 19 to 25, participated in the study. All the participants had normal hearing and normal vision, some with corrective devices such as contact lenses or glasses. Upon signing the informed consent form, each participant took part in the study separately and completed the trials of the study in the same lab. The fourteen volunteers were told to estimate the magnitude and the duration of the visual meteor, disregarding any auditory information. Each participant was allowed to rest at any time, and if they felt it necessary, they were also allowed to terminate the study at any time.
Materials & Apparatus. Acoustic stimuli were calibrated and presented using a Dell Optiplex 790 computer with an Asus XonarXD soundcard to Sennheiser HD280 pro headphones. Calibration was completed using an Extech HD600 sound level meter. Stimuli were presented to participants using custom TrialX software that allowed an open response at approximately 12 degrees of visual angle. The stimuli were created using three 15-second video clips that featured a bright, a moderately bright, or a faint meteor streaking across the viewing screen were obtained from Thomas Ashcraft's Meteor Archive (Ashcraft, 2012; see Figure 1 for sample images taken from these events). In addition, five audio clips, one of each of the five different radio meteor events: Underdense Event, Overdense Event, Oscillating Event, Transition Event, and Meteor Head Echo Event, were also taken from Thomas Ashcraft's Meteor Archive. Three sets of the 15 different audiovisual stimuli were created by manipulating the onset of the radio meteor event in relation to the visual meteor event. Each of the three visual meteors were paired with each of the five radio meteor events, and the timing of the onset of the radio event was manipulated so that the onset of the sound occurred 100 ms before, during, and 100 ms after the visual meteor for each of the visual and sound pairs. The total duration of each stimulus was about 15 to 20 seconds, with the visual meteor event lasting 200 ms to five seconds. The contrast and brightness of the backgrounds for each of the visual meteors was manipulated, in order for the meteor to appear sharper against the dark background.
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c. Figure 1 . Still frame captures of the three meteors including (a) Bollide, (b) a moderately bright meteor and (c) a faint meteor.
In the first set of 15 audiovisual stimuli, the onset of the radio meteor event occurs before the visual meteors flash across the screen. The radio meteor and the visual representation occur simultaneously, in the second set of stimuli, and the initiation of the radio meteor starts after the visual signal disappears, in the third set of stimuli. There are 45 different audiovisual stimuli in all. An addition set of three stimuli were produced that featured visual-only stimuli.
Procedures. The participants initially completed an informed consent that described the meteor categorization task. Specifically they were instructed to evaluate each presentation by estimating the brightness of the meteor (1-20) and duration of the event (0.1-20 sec). To complete this task¸ each participant was seated at the computer and logged into the TrialX software. Sound files were presented at an average 65 dBA. A set of practice trials were performed with the visual-only and audio-only stimuli to familiarize them with the meteor events. For the critical trials, participants were presented a random selection of the 48 stimuli, three for visual-only stimuli and 45 audiovisual stimuli. After each trial, the participants typed in their judgments for the brightness and duration of the meteor's appearance on the response line provided at the bottom of the experiment window. Once the participants made their estimations for each trial, they would click the "next" button and the following trial would appear. The session for each participant lasted about a half of an hour.
Results
This experiment tested three types of visual meteoric events (Bolide, Moderately Bright, and Faint); with four types of auditory meteoric events (Meteor Head Echo, Oscillating, Overdense, Transition, and Underdense); and three temporal conditions (auditory Early, Synchronous, Late). In addition all auditory conditions were tested against a silent control condition (visual-only event) . A 3x4x3 repeated measures ANOVA was completed to examine how the auditory conditions influenced perception of the visual meteoric event. As can be seen in Figure 2 , in general participants judged the Bolide visual meteors as longer in duration and in Figure 3 brighter than the Moderate and Faint meteors. Figure 2 also shows that when the Early sound accompanied the visual meteor, the event was judged to be longer than with other conditions. These observations are supported by the statistical analysis. There was a main effect of the type of visual meteor: F(2, 14) = 30.83, p < .001, Ș 2 = .82, the Bollide meteor was judged as longer in duration than the other meteor types. It was also judged as brighter than the other meteors: F(2, 14) = 21.84, p < .001, Ș 2 = .76. The type of radiowave was not found to influence the duration or brightness: F(4, 28) = 1.05, p > .05, Ș 2 = .13 and F(4, 28) = 1.81, p > .05, Ș 2 = .21, respectively. Nor was there a main effect of the temporal condition on duration or brightness: F(2, 14) = 2.21, p > .05, Ș 2 = .24, F(2, 14) = 0.71, p > .05, Ș 2 = .09, respectively. Visual meteor was found to interact with temporal condition for the duration: F(4, 28) = 3.14, p < .05, Ș 2 = .31; but not the brightness F(4, 28) = 1.05, p > .05, Ș 2 = .13 of its properties. As shown in Figure 2 this interaction seemed to be an indication that when the auditory meteor preceded the visual meteor it tended to increase duration estimates of the Bolide relative to other temporal conditions. No other interactions were found in either the duration or brightness analysis. Figure 3 . Brightness judgments of the three types of visual meteors in the three conditions of temporal alignment relative to the auditory meteors (Early = auditory meteors precedes the visual by 100 ms; Late = the auditory meteor's onset is 100 ms after the visual meteor). Data are shown with standard error bars.
Discussion
In this research the evaluation of visual meteors was influenced by their accompaniment with radio wave meteors that occurred before, during, or after the event. Similar to previous audiovisual research it was found that the auditory events may influence the visual evaluations of stimuli. Specifically, it was found that preceding the visual meteor with radio wave meteors caused participants to expand their duration judgments relative to other conditions (including silent and post-visual presentations). While duration judgments were affected by the auditory stimuli, the brightness judgments were unaffected. Participants consistently rated the brightness of the meteors across all auditory contexts, including the silent conditions. Take together these findings suggest that with enduring events, such as the meteors used in this research, there were only a limited number of contexts in which the auditory stimulus affected visual evaluations. These results differ somewhat from previous audiovisual event research in which the auditory stimuli were found to dominate the evaluation of visual stimuliaffecting both brightness and duration (e.g., Odgaard et al., 2003; Stein et al., 1996) . Clearly the more limited influence of auditory stimuli in the current project suggests that perhaps the use of more enduring visual stimuli (500 ms or more), or the unfamiliarity of meteoric radio wave stimuli may have constrained the cross-influence on visual perception.
However, the finding that a preceding auditory event tended to generate longer judgments of the meteor's duration (relative to coincident, silent, and trailing auditory events), suggests some level of integration was occurring. While this discussion is speculative, it may be that the auditory event in some way promoted an earlier onset of visual processing that became associated with the visual stimuli. Additional research is needed to thoroughly evaluate this possibility, however previous audiovisual event perception research has suggested that auditory events can affect activity in visual cortex (e.g., Shimojo & Shams, 2001 The meteoric events in the current study may present a new paradigm in which this auditory influence on visual processing may occur.
